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DNA anaphase bridges are a potential source of 
genome instability that may lead to chromosome 
breakage or nondisjunction during mitosis. Two 
classes of anaphase bridges can be distinguished: DAPI- 
positive chromatin bridges and DAPI-negative ultrafine 
DNA bridges (UFBs). Here, we establish budding yeast 
Saccharomyces cerevisiae and the avian DT40 cell line as 
model systems for studying DNA anaphase bridges and 
show that TopBPl/Dpbll plays an evolutionarily con- 
served role in their metabolism. Together with the single- 
stranded DNA binding protein RPA, TopBPl/Dpbll 



binds to UFBs, and depletion of TopBPl/Dpbl 1 led to 
an accumulation of chromatin bridges. Importantly, the 
NoCut checkpoint that delays progression from anaphase 
to abscission in yeast was activated by both UFBs and 
chromatin bridges independently of Dpbl 1 , and disrup- 
tion of the NoCut checkpoint in Dpbl 1 -depleted cells 
led to genome instability. In conclusion, we propose that 
TopBPl/Dpbll prevents accumulation of anaphase 
bridges via stimulation of the Mecl /ATR kinase and sup- 
pression of homologous recombination. 



Introduction 

Faithful segregation of the genetic material during cell division 
is crucial for maintenance of genome integrity. The two com- 
plements of the genome must be disentangled before migration 
into the daughter cells in mitosis. This is a topologically chal- 
lenging process because sister chromatids are frequently cate- 
nated or connected by hemicatenanes at the G2-M transition 
(Lucas and Hyrien, 2000; Lopes et al., 2003; Wellinger et al., 
2003; Liberi et al., 2005; Johnson et al., 2009). As a conse- 
quence, the separating sister chromatids are often connected 
by DNA bridges in anaphase. A subset of these DNA ana- 
phase bridges has been linked to chromosomal fragile sites in 
human cells (Chan et al., 2009; Lukas et al., 2011). Fragile 
sites are prone to chromosome breakage, deletion, and translo- 
cation, and are often associated with cancer and other genetic 
diseases (Durkin and Glover, 2007; Gandhi et al., 2010). 
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DNA anaphase bridges can be divided into two classes 
(Kaulich et al., 2012): chromatin bridges that can be visualized 
by DAPI staining, and ultrafine DNA bridges (UFBs; Chan 
et al., 2007), which are refractory to DAPI staining. In mamma- 
lian cells, UFBs are bound by the PICH, BLM, and FANCM 
helicases, and a subset of UFBs are marked by the Fanconi ane- 
mia (FA) proteins, FANCD2 and FANCI, which localize to the 
termini of these UFBs (Chan et al., 2009; Nairn and Rosselli, 
2009; Vinciguerra et al., 2010). A subset of BLM-stained UFBs 
also contain replication protein A (RPA), indicating that some 
bridges are at least partially single stranded (Chan and Hickson, 
2009). In contrast to UFBs, chromatin bridges contain nucleo- 
somes and other chromatin components. 

Several models have been suggested to explain the origin 
of UFBs (Chan and Hickson, 201 1). The FA-negative UFBs are 
the most abundant in unperturbed cells. They originate primar- 
ily from centromeric regions and are induced by topoisomer- 
ase II inhibition, suggesting that they reflect catenated sister 
chromatids. The FA-positive UFBs are rare in unperturbed cells, 
are induced by inhibition of DNA replication, and originate 
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primarily at common fragile sites (Chan et al., 2009; Nairn 
and Rosselli, 2009). Although BLM is known to process DNA re- 
combination structures, UFBs are unlikely to reflect recombina- 
tion intermediates such as Holliday junctions because FANCD2 
foci and UFB formation are independent of the RAD5 1 recombi- 
nase (Chan et al., 2009; Lahkim Bennani-Belhaj et al., 2010). 

Chromosomal fragile sites are often marked by 53BP1 in 
Gl when cells have been exposed to mild replication stress in 
the previous S phase, indicating that these sites may represent 
single-stranded gaps originating from incomplete DNA repli- 
cation (Lukas et al., 2011). The latter study suggested that no 
checkpoint exists to detect and prevent onset of mitosis in the 
presence of unreplicated regions of the genome. However, in 
yeast, lagging chromatin across the spindle midzone, which 
could be a consequence of unreplicated DNA, was shown to 
activate a NoCut checkpoint that delays abscission until the 
sister chromatids are fully segregated (Mendoza et al., 2009). 
The NoCut checkpoint requires the Ipll/Aurora B kinase, the 
spindle-associated factor Slkl9, and the Ahcl histone acetyl- 
transferase (Mendoza et al., 2009). Similarly, in human cells 
Aurora B was shown to delay abscission in cells with chromo- 
some bridges (Steigemann et al., 2009). 

In this study, we report that the DNA damage checkpoint, 
replication and repair protein Dpbll localizes to UFBs in bud- 
ding yeast along with Sgsl-Top3 (BLM-TopoIIIa), RPA, and the 
checkpoint protein Ddc2 (ATRIP). We also show that the verte- 
brate orthologue of Dpbl 1, TopBPl, colocalizes with PICH and 
RPA at a subset of UFBs in chicken DT40 cells. Depletion of 
Dpbl 1 or TopBPl leads to an accumulation of chromatin bridges 
but a reduction in the frequency of long UFBs. UFBs in yeast are 
sensed by the NoCut checkpoint to delay cytokinesis, and simul- 
taneous disruption of the NoCut checkpoint and depletion of 
Dpbl 1 leads to a synergistic increase in genome instability. 

Results 

□ pb1 1 localizes to ultrafine anaphase 
bridges in mitotic cells 

We have recently reported the localization of Dpbll to DNA 
double-strand breaks (Germann et al., 201 1). In the course of this 
work, we noticed that Dpbl 1 localizes to a structure bridging the 
daughter and mother nuclei in 1-3% of cells in an asynchronous 
population (Fig. 1 A). When Dpbl 1 localization was monitored by 
time-lapse microscopy using 5-min intervals, spontaneous Dpbll 
bridges were observed in 43% of anaphases (« = 37). Because this 
experiment was performed with a tetC>2-DPBll-YFP construct that 
overexpresses Dpbll approximately fourfold compared with the 
native promoter (Germann et al., 201 1), we confirmed that Dpbl 1 
also forms anaphase bridges when expressed from its native pro- 
moter (Fig. 1 B). The majority (70-80%) of these bridges fail to 
stain with conventional DNA dyes (DAPI and Hoechst; Fig. 1, 
B, C, and F). Further experiments showed that Dpbll bridges 
frequently (>80%) colocalize with Rfal (RPA; Fig. 1 C), suggest- 
ing that these structures at least partially consist of single-stranded 
DNA, similar to what has been reported for ultrafine DNA bridges 
in mammalian cells (Chan and Hickson, 2009). To further extend 
the comparison to mammalian UFBs, we tested the localization of 



Sgsl-Top3 to Dpbll bridges. Live-cell imaging showed that 
Sgs 1 and Top3 colocalize with Dpbl 1 bridges in a subset (60%) of 
mitotic cells (Fig. 1 D). In contrast, a range of chromatin-associated 
factors such as Htal (histone H2A), Htzl (histone variant H2AZ), 
Rscl (RSC chromatin remodeling complex), NhplO (INO80 
chromatin remodeling complex), and Nopl (nucleolar protein) 
were generally absent from Dpbl 1 -coated anaphase bridges, indi- 
cating that these structures are largely free of chromatin and do not 
represent the normally late-segregating nucleolus (Fig. 1, E and F; 
Torres-Rosell et al., 2004). 

Yeast: anaphase tubes contain ON A 
bridges bound by Dpbl 1 

In contrast to vertebrate cells, the yeast nuclear envelope remains 
intact during mitosis, causing the nuclear membrane to be stretched 
into a narrow tube during anaphase as visualized by the nuclear 
pore complex subunit Nup49 (Fig. 2 A). Therefore, any bridge-like 
localization of a nuclear protein at this phase of the cell cycle could 
simply reflect the nucleoplasm contained within the anaphase tube. 
Indeed, red fluorescent protein tagged with a nuclear localization 
signal (NLS-RFP) exhibits a bridge-like localization coinciding 
with Dpbl 1 bridges (Fig. 2 A). To determine which of the proteins 
within anaphase bridges are bound to DNA, we performed time- 
lapse microscopy of dividing Dpbll-YFP cells expressing NLS- 
RFP and Spcl 10-CFP to mark the nucleoplasm and spindle pole 
body (SPB), respectively (Fig. 2 B). Resolution of the Dpbll 
bridge before the NLS-RFP marker was observed in 43% of 
anaphases examined (n = 37), indicating that upon relaxation of 
the mitotic spindle, the Dpbll bridge is resolved, whereas the 
NLS-RFP marker remains in the anaphase tube until nuclear divi- 
sion. These data imply that Dpbll is associated with DNA at the 
anaphase bridge. To directly demonstrate the presence of DNA in 
the anaphase bridges, we constructed a strain that allows incorpora- 
tion of the nucleoside analogue 5-efhynyl-2'-deoxyuridine (EdU; 
Viggiani and Aparicio, 2006). This thymidine analogue can be con- 
jugated to a fluorescenfly labeled azide. Using this technique, we 
detected the DNA in Hoechst-negative anaphase bridges (Fig. 2 C). 
Subsequent immunostaining for Dpbll-YFP was incompatible 
with preservation of the UFBs, but similar to Dpbl 1-bound UFBs 
(see following paragraph), the EdU-labeled bridges were induced 
by mild replication stress (20 mM hydroxyurea), indicating that 
Hoechst-negative Dpbll UFBs and EdU-labeled bridges reflect 
the same structure (Fig. 2 D). Two additional observations were 
consistent with this conclusion. First, Rfal was also bound to UFBs 
(Fig. SI). Second, disappearance of Dpbll from bridges coincided 
with relief of spindle tension, not nuclear division, as seen by 
the change of SPB movement from poleward to random (Fig. 2, 
B and E). Furthermore, in cells without a Dpbll bridge, nuclear 
division takes place when the SPBs are separated by 4—6 um, 
whereas cells containing a Dpbl 1 bridge exhibit SPB distances of 
up to 9 um with a peak at 7 um (Fig. 2 F), indicating that nuclear 
division is delayed in cells containing Dpbl 1 anaphase bridges. 

□ pb1 1 bridges are induced by DNA 
replication and topological stress 

To determine the effect of DNA replication stress on the forma- 
tion of Dpbll anaphase bridges, we exposed cells to 0.03% 
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Figure 1 . Dpbl 1 associates with chromatin-free anaphase bridges in mi- 
totic cells. The localization of proteins of interest was determined in haploid 
cells during the exponential growth phase by fluorescence microscopy and 



methyl methanesulfonate (MMS), which blocks replication fork 
progression through DNA methylation (Tercero and Diffley, 
2001). Exposure to MMS led to a transient accumulation of 
Dpbll bridges (Fig. 3 A), supporting the notion that DNA rep- 
lication stress leads to formation of DNA anaphase bridges also 
in yeast. To monitor the formation of Dpbll bridges during 
unchallenged DNA replication, we performed an arrest-release 
experiment, where Dpbll-YFP localization was monitored 
after release from a-factor-mediated Gl arrest (Fig. 3 B). In 
this experiment, Dpbll bridges appeared at 60 min after re- 
lease, accumulated until late anaphase at 90 min, and finally 
disappeared at 120 min, when most of the cells had completed 
nuclear division (Fig. 3 C). This result indicates that Dpbll 
anaphase bridges form in early anaphase and persist until late 
mitosis. This conclusion was further supported by time-lapse 
microscopy, which demonstrated that Dpbl 1 bridges progressively 
elongate through anaphase. Cells with long anaphase bridges 
recovered and progressed into the next cell cycle as evidenced 
by rebudding of both the mother and daughter cell with the same 
frequency as cells with no bridges or short bridges (Fig. S2). 

Top2 catalyzes the decatenation of duplex DNA. To test 
if catenated chromatids can also lead to anaphase bridges in 
yeast, we measured Dpbll bridges in a conditional top2-l 
mutant (Brill et al., 1987). Even at the permissive temperature 
of 25°C, we observed a dramatic increase in the percentage of 
cells with Dpbl 1 bridges (Fig. 3 D), indicating that Top2 activ- 
ity plays a major role in removing anaphase bridges. Although 
the top2-l mutant exhibited a basal level of Hoechst-positive 
chromatin bridges comparable to wild type at the permissive 
temperature, these were strongly induced at the restrictive 
temperature (Fig. 3 D). Notably, MMS-induced replication 
stress and mutation of Top2 additively induced formation of 
Dpbl 1 -bound anaphase bridges, indicating that topological and 
replication stress independently contribute to the formation of 
UFBs (Fig. 3 D). Consistent with a role for Top2 in decatenat- 
ing intertwined sister chromatids, Top2 itself localized predom- 
inantly to Hoechst-negative anaphase bridges (Fig. 3 E). The 
higher frequency of Top2 bridges (13%) observed in compari- 
son to Dpbl 1 bridges (4%) could indicate that the function of 
the Top2-CFP fusion is partially compromised and/or that Top2 



differential interference contrast. Arrowheads mark bridges. (A) Dpbl 1 
forms bridge-like structures in mitotic cells. Cells expressing Dpbl 1-YFP 
from the Tet-Off promoter (Mt535-5D) were analyzed. (B) Dpbl 1 under 
the control of its native promoter also forms ultrafine anaphase bridges. 
Cells expressing Dpbl 1-YFP (ML253) from its native promoter were ana- 
lyzed after Hoechst staining. (C) Dpbll and Rfal colocalize at UFBs. 
Cells expressing Dpbl 1-YFP and Rfal-CFP (SMG216-10A] were analyzed 
after Hoechst staining. (D) Dpbl 1 bridges colocalize with Top3 and Sgsl 
bridges. Cells coexpressing Dpbll-CFP with Top3-YFP (SMG247-4A] 
or YFP-Sgsl (SMG258-10A) were analyzed. (E) Dpbll bridges rarely 
colocalize with chromatin-associated factors or rDNA-binding proteins. 
Cells expressing Dpbll-YFP and Rscl-CFP (SMG220-1 5A], NhplO-CFP 
(SMG221-15D], or Htzl-CFP (SMG219-5D), or cells (Mt533) expressing 
Dpbl 1-YFP transformed with a plasmid expressing Nopl-CFP (pWJ1299) 
were analyzed. (F) Dpbl 1 bridges are predominantly Hoechst and chro- 
matin negative. UFBs and chromatin bridges were counted as Dpbl 1-YFP 
bridges that do or do not colocalize with Htal-CFP (VS23-1B], Htzl-CFP 
(SMG219-5D), or Hoechst (ML533 and Mt253), respectively. Error bars 
represent 95% confidence intervals. 
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Figure 2. Yeast anaphase tubes contain DNA 
bridges bound by Dpbl 1 that delay nuclear 
division. (A) Dpbl 1 anaphase bridges are 
contained within an anaphase tube. Cells 
(ML533) expressing Dpbll-YFP, CFP-Nup49 
(pWJ1323), and NLS-RFP (pKW1219) were 
grown in SC-His-Leu medium with 100 ug/ml 
adenine. (B) Dpbl 1 is bound to DNA in 
anaphase bridges. Cells (ML628) expressing 
Dpbll-YFP, SpcllO-CFP, and NLS-RFP were 
analyzed by time-lapse microscopy. Resolu- 
tion of the Dpbl 1 bridge before the NLS-RFP 
marker was observed in 43% of anaphases 
examined (n = 37). (C) Hoechst-negative ana- 
phase bridges contain DNA. Cells (VS28) were 
grown for 3 h in SC+Ade medium with 20 uM 
EdU before fixation and Hoechst staining. 
(D) Hoechst-negative EdU-positive anaphase 
bridges are induced by hydroxyurea. Cells 
(VS28) were labeled with EdU for 3 h before 
treatment with 20 mM hydroxyurea (HU) for 
1 h and subsequently fixed and stained with 
Hoechst. Error bars represent 95% confidence 
intervals. (E) Resolution of Dpbl 1 bridges is 
coincidental with relaxation of the mitotic spin- 
dle. The distance between the SPBs (Spcl 10- 
CFP) in B was measured in three dimensions 
(3D) and plotted as a function of time. (F) Re- 
lationship between spindle length and Dpbl 1 
bridges. Cells (VS3-7A) expressing Dpbl 1-YFP 
and Spcl 10-CFP (SPB) were imaged. The dis- 
tance between the SPBs was measured in 3D 
and the cells scored for Dpbl 1 bridges. The 
median spindle length observed for Dpbl 1 
bridge-negative and -positive cells was 4.7 pm 
and 7.0 urn, respectively. Only Hoechst-negative 
Dpbl 1 bridges were counted. 
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recognizes other kinds of anaphase bridges than those bound 
by Dpbl 1. Notably, the majority of Top2 bridges (73%) are also 
bound by Dpbll (Fig. 3 F). 

The Smc5-Smc6 complex collaborates with topoisomer- 
ases to regulate the topological state of chromosomes presumably 
by sequestering sister chromatid intertwining behind the DNA 
replication fork (Kegel et al., 2011). We therefore examined a 
conditional smc6-9 mutant for the formation of Dpbl 1 bridges. 
At the restrictive temperature, smc6-9 cells exhibit a dramatic 
increase in the percentage of cells with predominantly Hoechst- 
negative Dpbl 1 bridges, indicating that the Smc5-Smc6 complex 
contributes to the suppression of UFB formation (Fig. 3 G). 

Dissolution of hemicatenanes and/or Holliday junctions 
by BLM-TopoIIIa-RMIl/2 was suggested to contribute to reso- 
lution of UFBs in mammalian cells, because BLM-deficient 
cells exhibit elevated levels of PICH bound UFBs (Chan et al., 
2009). To test whether Sgsl plays a similar role in yeast, we 



determined the percentage of cells with Dpbll bridges in an 
sgsl A mutant. In sgsl A cells the number of chromatin bridges 
increased, while wild-type levels of UFBs were observed 
(Fig. 4 A). Taken together, these results show that both DNA 
replication problems and topological stress are sources of DNA 
anaphase bridges in yeast. 

Homologous recombination promotes the 
formation of chromatin bridges 

Another potential source for interlinked sister chromatids is 
homologous recombination (HR) intermediates. Using mamma- 
lian cells it was found that UFB formation is independent of or 
even increased in the absence of functional RAD51 recombi- 
nase (Chan et al., 2009; Lahkim Bennani-Belhaj et al., 2010; 
Laulier et al., 201 1). Similarly, we found that both spontaneous 
and MMS-induced Hoechst-negative Dpbll bridges in yeast 
were largely independent of the Rad52, Rad51, and Rad54 
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Figure 3. Dpbl 1 bridges are induced by compromised DNA replication or sister chromatid decatenation. (A) Dpbl 1 bridges are induced by replication 
stress. Cells expressing Dpbl 1-YFP (ML533) were analyzed at the indicated time points after treatment with MMS (0.03%). For quantification, 300-700 
cells were analyzed per time point. Bridges are defined as short bridges (<1 urn) or long bridges (>2 urn). (B) Dpbl 1 bridges form at the metaphase-to-anaphase 
transition (between 60 and 90 min after Gl release). Cells expressing Dpbl 1-YFP (ML533) were arrested in Gl phase with a-factor for 2.5 h, and sub- 
sequently released into fresh medium without a-factor. Pictures were taken at the indicated time points after Gl release. The length of bridges was measured 
as in A. (C) Quantitation of anaphase bridges after release from Gl arrest. For each time point in B, 150-350 cells were analyzed. Asterisk indicates 
a P value of <0.05 compared with time-point zero. (D) Dpbl 1 bridges accumulate in a top2-l mutant. A temperature-sensitive top2-l mutant (VS1 1 -1 3D) 
and its corresponding TOP2 wild type (ML533) were examined for Dpbl 1-YFP bridges at the permissive temperature (25°C) or after incubation at the 
restrictive temperature (37°C) for 2 h. Indicated samples were treated with 0.03% MMS for 70 min. (E) Top2 localizes to UFBs. Cells expressing Top2-CFP 
(VS21) were stained with Hoechst and examined for Top2 bridges. (F) Top2 and Dpbl 1 colocalize on anaphase bridges. Cells expressing Dpbl 1-CFP 
and Top2-YFP (VS22-7B) were analyzed. (G) Dpbl 1 bridges accumulate in an smc6-9 mutant. A temperature-sensitive smc6-9 mutant (SMG266-6D) and 
its corresponding SMC6 wild type (ML533) were examined for Dpbl 1 -YFP bridges after incubation at the restrictive (37°C) temperature for 2 h. Error bars 
represent 95% confidence intervals. 



recombination proteins (Fig. 4, A and B), which is also consis- 
tent with our observation that Rad52 binds only to chroma- 
tinized Dpbll bridges (see following paragraph). Interestingly, 
the chromatin bridges observed in the sgsl mutant were depen- 
dent on HR, indicating that hemicatenated DNA might induce 
illegitimate recombination leading to formation of chromatin 
bridges or that Sgsl suppresses chromatin bridges by dissolution 



of double-Holliday junctions. Consistent with a role of HR in the 
formation of Dpbll -bound chromatin bridges, overexpression 
of Rad51, but not of the catalytically inactive Rad51-K191A 
mutant, led to increased numbers of Dpbl 1 -marked chroma- 
tin bridges (Fig. 4 C). To examine the impact of Dpbl 1 on ana- 
phase bridges, we took advantage of the Jet-Off promoter (tet0 2 ) 
to shut off expression of Dpbll by addition of doxycycline. 



TopBPI and Dpbl 1 bind DNA anaphase bridges • Germann et al. 49 



Figure 4. Homologous recombination is re- 
quired for the formation of chromatin bridges 
but not of UFBs. (A) HR promotes the formation 
of chromatin bridges. Dpbl 1 -YFP bridges were 
counted in wild-type (ML533) and in sgslA 
(SMG223-2C), rad51A (VS16-3C), rad52A 
(VS19-5A), and sgslA rad51A (VS26-15A) 
cells and scored for Hoechst staining before 
and after treatment with 0.03% MMS for 70 min. 
(B] MMS-induced Dpbl 1 bridges are HR inde- 
pendent. Dpbl 1 -YFP bridges were counted in 
wild-type (ML533) and in rad5/A (VS16-3C), 
rad54A (VS17-1C), and rad52A (VS19-5A) 
cells at different time points after addition of 
0.03% MMS. (C) Rad51 overexpression in- 
duces chromatin bridges. Cells expressing 
Dpbll-YFP (ML533) were transformed with 
plasmids for galactose-induced expression of 
wild-type RAD51 (pYES-GAL-/?AD5/|, a cata- 
lytically inactive rad51-K191R (pYES-GAL- 
rad51-K191R), or the empty vector (pYES). 
Cells were grown in SC-Leu containing 2% 
raffinose and inspected by microscopy after in- 
duction with 2% galactose for 1 h and Hoechst 
staining. (D] Dpbl 1 suppresses the formation 
of chromatin bridges by HR. Wild-type RAD54 
(ML628) and rad54A mutant (VS17-1C) cells 
were grown 12 h with or without 20 ug/ml 
doxycycline to repress Dpbl 1 -YFP expression 
from the Tet-Off [tet0 2 ) promoter and stained 
with Hoechst before imaging. Error bars repre- 
sent 95% confidence intervals. (E) Dpbl 1 sup- 
presses the formation of Hoechst-positive Rfal 
anaphase bridges. Wild-type (SMG216-10A) 
cells coexpressing Dpbl 1 -YFP under the con- 
trol of the let-off promoter and Rfal-CFP were 
grown in the absence or presence of 20 ug/ ml 
doxycycline (Dox) for 12 h to repress expres- 
sion of Dpbl 1 -YFP and stained with Hoechst 
before imaging. 
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Upon repression of DPB11 expression below the level of detec- 
tion by fluorescence microscopy, we observed a dramatic in- 
crease in the frequency of chromatin bridges. The observed 
increase in chromatin bridges could reflect either a direct role of 
Dpbll in suppressing or resolving chromatin bridges or a de- 
fect in DNA replication caused by the low abundance of Dpb 1 1 . 
The observed increase in chromatin bridges depends on HR 
(Fig. 4 D), which is consistent with the hyper-recombinant 
phenotype of some dpbll mutants (Germann et al., 2011). To 
determine the frequency of Hoechst-negative anaphase bridges 
upon Dpbll repression, we repeated the experiment in a strain 
expressing Rfal-CFP as a marker for anaphase bridges. The 



analysis of this strain confirms that Hoechst-positive bridges ac- 
cumulate upon Dpbl 1 depletion, whereas the frequency of Rfal- 
marked Hoechst-negative UFBs remains unchanged (Fig. 4 E). 
In conclusion, we find that Dpbl 1-marked UFBs are induced by 
DNA replication stress in a predominantly recombination- 
independent manner, whereas recombination promotes the 
formation of Hoechst-positive chromatin bridges. 

□ pb1 1 ultrafine anaphase bridges activate 
the NoCut cell cycle delay 

The delay in nuclear division observed in cells with a Dpbll 
anaphase bridge suggests that a checkpoint may be operating 
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Figure 5. Chromatin bridges but not UFBs are sensed by the DNA damage checkpoint. (A) Ddc2 binds to DNA in anaphase bridges. Cells (VS34-1 A) 
coexpressing Ddc2-YFP and Dpbl 1-CFP were analyzed. (B) Smll levels decrease in response to Rad52-bound chromatin bridges. Cells (SMG260-7C) ex- 
pressing YFP-Smll, Dpbl 1-CFP, and Rad52-RFP were analyzed as in A. (C] Chromatin bridges but not UFBs activate the DNA damage response. Hoechst 
staining and YFP-Smll levels were quantified in cells from B with Rad52-positive and Rad52-negative Dpbl 1 bridges. (D) Dpbl 1 stabilizes long UFBs. 
Cells (ML734-9B) coexpressing RFP-NLS, Ina 1-CFP, and Spcl 10-CFP were grown overnight with or without 20 pg/ml doxycycline to repress Dpbl 1-YFP 
expression from the Jet-Off (fe/Cy promoter and imaged after Hoechst staining. The length of UFBs (Hoechst-negative RFP bridges; distance between SPBs) 
was measured in 20 cells for each condition. Error bars represent 95% confidence intervals. (E) The NoCut checkpoint senses Dpbl 1 bridges. Wild-type 
(ML734-9B), ahclA (ML737-3C), to P 2-l (ML734-1 ID), afic/4 to P 2-l (ML737-1 1A), s/^/9A (ML735-1C), and s/U9A to P 2-1 (ML735-13A) cells express- 
ing Dpbl 1 -YFP, NLS-RFP, Spcl 1 0-CFP, and the plasma membrane marked by Ina 1 -CFP were grown overnight with or without 20 pg/ml doxycycline (Dox) 
to repress Dpbl 1 expression and imaged after Hoechst staining. The abscission index was calculated as the ratio of cells with contracted versus resolved 
plasma membrane as described previously (Mendoza et al., 2009). The NLS-RFP marker was used to estimate the frequency of UFBs in the Dpbl 1 -depleted 
cells. For each condition, two independent experiments were performed to examine abscission in 30-78 anaphase cells. *, f, and % indicate significant 
difference from wild-type, untreated, and to P 2-l, respectively (P < 0.05, x 2 test). 



(Fig. 2 F). We decided to test if Dpbl 1 is required for this check- 
point and if the delay is signaled through stimulation of Mecl 
kinase activity (Mordes et al., 2008; Pfander and Diffley, 201 1). 
We therefore first examined the recruitment of Ddc2 to Dpb 1 1 
bridges as a proxy for the Ddc2-Mecl complex. Similar to 
Dpbl 1, Ddc2 is recruited to UFBs (Fig. 5 A). Next, we assessed 



DNA damage checkpoint activation in cells with Dpbll ana- 
phase bridges by monitoring Smll protein levels. In response to 
DNA damage, Smll is subject to Mecl -dependent phosphory- 
lation and subsequent ubiquitylation and degradation by the 
proteasome (Andreson et al., 2010). Surprisingly, the majority of 
cells with Rad52- and Hoechst-negative Dpbl 1 bridges exhibit 
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"Recombination rate (events per cell per generation) is presented as the mean ± SD. 
b Relative to the wild type without doxycycline. 

high levels of Smll, indicating that a bona fide DNA damage 
checkpoint has not been activated. In contrast, Rad52- and 
Hoechst-positive Dpbl 1 bridges activate the DNA damage check- 
point, leading to Smll degradation (Fig. 5, B and C). Although 
only chromatin bridges activate the DNA damage checkpoint, 
both types of anaphase bridges delay abscission (Fig. 2 F and 
Fig. 5 E; Mendoza et al., 2009). To test directly whether Dpbl 1 is 
required to delay abscission, we monitored abscission after shut- 
ting off expression of Dpbl 1 by addition of doxycycline. Abscis- 
sion was assessed using endogenously tagged Inal (YLR413W, 
indicator of abscission 1). Inal exhibits plasma membrane local- 
ization similar to the PH domain that was originally used to as- 
sess abscission (Mendoza et al., 2009; Fig. S3). Reduction in 
Dpbl 1 expression leads to an accumulation of chromatin bridges, 
a shift from long to short anaphase bridges, and delayed abscis- 
sion, demonstrating that Dpbll is not required for the NoCut 
checkpoint (Fig. 5, D and E). In contrast, disruption of the previ- 
ously described NoCut checkpoint by deletion of AHC1 or SLK19 
suppressed the accumulation of pre-abscission cells after DPB11 
repression (Fig. 5 E). To test the consequence of premature ab- 
scission in the Dpbll -depleted cells, we measured spontaneous 
recombination between two nonfunctional leu2 heteroalleles in 
diploid cells. Whereas ahclA or depletion of Dpbl 1 individually 
increased interhomologue recombination mildly, the combina- 
tion of Dpbl 1 depletion and disruption of the NoCut checkpoint 
led to a synergistic increase in HR (Table 1). 

Because Dpbl 1 stimulates Mecl to phosphorylate a num- 
ber of checkpoint and repair proteins including the Rad53 
kinase, we also monitored Dpbll bridges in mecl A smll A 
and rad5 3 A smll A DNA damage checkpoint-defective strains. 
Interestingly, both mutants exhibit elevated levels of anaphase 
bridges with mecl A smll A inducing primarily UFBs and rad53A 
smllA mostly chromatin bridges (Fig. S4), suggesting that 
Mecl and Rad53 are also required to suppress the formation of 
anaphase bridges. In conclusion, Dpbll ultrafine anaphase 
bridges do not activate a bona fide DNA damage checkpoint; 
rather, Dpbll is required to suppress the formation of chroma- 
tin anaphase bridges by HR. 

Recruitment of Dpbl 1/TopBP1 to UFBs 
is evolutionary conserved 

PICH-covered UFBs have so far only been observed in mam- 
malian cells. To address whether UFBs also exist in the avian 



DT40 cell line, we tagged the PICH gene with mTurquoise2 
(TFP; Goedhart et al., 2012) or YFP at the endogenous locus. 
As a marker for chromatin, cells were stably transfected with 
mCherry-tagged human H2B (hH2B-mCherry). By live-cell 
microscopy, we readily detected PICH-covered bridges con- 
necting the separating chromosome masses in anaphase cells 
(Fig. 6 A). Notably, the PICH-coated bridges in untreated DT40 
cells neither stained with Hoechst nor did they colocalize with 
the hH2B-mCherry signal, suggesting that they are uncondensed 
bona fide UFBs (Baumann et al., 2007; Chan et al., 2009). 

The vertebrate orthologue of Dpbll is TopBPl, which 
was identified as a topoisomerase lip-binding protein (Yamane 
et al., 1997). TopBPl is required for DNA replication and 
provides a scaffold for DNA damage checkpoint activation 
(Makiniemi et al., 2001; Lindsey-Boltz and Sancar, 201 1). To 
test the evolutionary conservation of the role of Dpbl l during 
anaphase, we examined DT40 cells expressing TopBPl-YFP 
from the endogenous locus. Time-lapse analysis showed that 
TopBPl and PICH indeed colocalize at some chromatin-free 
UFBs from early anaphase until cytokinesis. However, a sub- 
set of PICH UFBs are not or only transiently bound by TopBPl 
(Fig. 6 B). As mitosis progresses, PICH is the first to dissoci- 
ate from the UFBs, forming temporary sister foci at the UFB 
termini (Fig. 6, B and C; and Video l). In human cells, PICH- 
bound UFBs and chromatin bridges can be induced by the 
polymerase a inhibitor aphidicolin (APH) or the topoisomer- 
ase II inhibitor ICRF-193 (Baumann et al, 2007; Chan et al., 
2009). We find that ICRF-193 also induces PICH-covered 
UFBs as well as chromatin bridges in DT40, whereas APH 
treatment specifically stimulates the formation of chromatin 
bridges and colocalizing PICH and TopBPl bridges (Fig. 7 A). 
In untreated anaphase cells, TopBPl localizes to bridge-like 
structures in 78% of anaphase cells (Fig. 7 A). About 27% of the 
TopBPl -bound bridges colocalize with PICH UFBs, increasing 
to 41% after APH treatment, while being largely unaffected 
by ICRF-193 treatment (Fig. 7 A). The PICH-negative TopBPl 
bridges could represent TopBPl localization at the midbody 
(Reini et al., 2004). 

Interestingly, TopBPl localization appears to be restricted 
to a smaller region of the PICH-coated UFBs, at which TopBPl 
remains even after dissociation of PICH in late telophase 
(Fig. 6, B and C). To address whether this region contains single- 
stranded DNA, we followed the localization of RPA relative to 
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Figure 6. Recruitment of TopBPl to anaphase bridges is evolutionary conserved. (A) PICH coats hH2B- and Hoechst-negative UFBs in DT40 cells. Cells 
(RTP82) expressing PICH-YFP from its endogenous promoter and randomly integrated hH2B-mCherry were stained with Hoechst. Arrowhead indicates a 
UFB. (B) PICH and TopBPl colocalize at a subset of UFBs. Cells (RTP149) express TopBPl-YFP and PICH-TFP from their endogenous promoters and hH2B- 
mCherry. Yellow arrowhead indicates the site of PICH and TopBPl colocalization at a UFB. Blue arrowhead indicates a PICH-coated UFB without TopBPl . 
(C) PICH dissociates from UFBs before TopBPl to form transient sister foci at the termini of the UFB as the cell progresses through anaphase and telophase. 
Representative time-lapse image sequence of cells (RTP151) expressing TopBPl -YFP-AID and PICH-TFP from their endogenous promoters and randomly 
integrated OsTIRl and hH2B-mCherry. Arrowheads indicate TopBPl structures. 



TopBPl (Fig. 7 B and Video 2). Interestingly, 24% and 45% of 
TopBPl bridges colocalize with RPA after APH or ICRF-193 
treatment, respectively, whereas RPA and TopBPl rarely (1%) 
colocalize in spontaneous TopBPl bridges (Fig. 7 C). Importantly, 
86% and 83% of the RPA foci observed between the separating 
chromosomes colocalize with TopBPl after APH or ICRF-193 
treatment, respectively. In conclusion, avian TopBPl colocal- 
izes with PICH UFBs, and this colocalization is increased in re- 
sponse to replication stress. Moreover, we find that a subset of 
TopBPl bridges may contain single-stranded DNA. 

TopBPl depletion causes accumulation 
of chromatin bridges in anaphase 

To determine the impact of TopBPl on anaphase bridges, we 
constructed a cell line where all three alleles of TopBPl are 
tagged with YFP followed by an auxin-inducible degron (AID), 
TopBPl-YFP-AID (Nishimura et al., 2009). When expressing 
the F-box transport inhibitor response protein 1 from Oryza 
sativa (OsTIRl) in these cells, addition of auxin (IAA) pro- 
motes interaction between OsTIR and TopBPl -YFP-AID, re- 
sulting in polyubiquitylation of the AID degron and targeting 



of TopBPl -YFP-AID for degradation by the proteasome 
(Nishimura et al., 2009). Depletion of TopBPl by addition of 
IAA 30 min before anaphase led to an induction of chromatin 
bridges and a decreased frequency of UFBs during anaphase 
(Fig. 7 D). Moreover, depletion of TopBPl completely inhibited 
the formation of long PICH-coated UFBs (Fig. 7 F). In fact, 
PICH UFBs that extend beyond 5 um are always (98%) bound 
by TopBPl (Fig. S5 A). This effect does not appear to be caused 
by replication stress because APH treatment does not affect the 
length distribution of PICH-coated bridges (Fig. 7 G), nor can 
we detect any DNA synthesis during the last 30 min before ana- 
phase entry as based on EdU incorporation, indicating that bulk 
DNA replication is completed at this stage (Fig. S5, B and C). 

To test whether the effect of TopBPl depletion on DNA 
bridges is due to its role as an activator of ATR (Kumagai et al., 
2006), we treated cells with an ATR inhibitor (ATRi) before 
anaphase onset (Toledo et al., 2011). Similar to depletion of 
TopBPl -YFP-AID, treatment with ATRi increased chromatin 
bridges (Fig. 7 E). However, contrary to depletion of TopBPl - 
YFP-AID , treatment with ATRi increased the amount of TopB P 1 - 
bound UFBs and induced a shift from short to long PICH-coated 
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Figure 7. TopBPI is required for timely resolution of anaphase bridges. In all experiments, quantification was performed on the basis of time-lapse 
microscopy with an imaging frequency of 2 min for 30 min. Exponentially growing cells were monitored from anaphase through telophase, and bridges 
were scored. The maximum number of bridges visible at one time point was noted as representative for the entire mitosis of a given cell. Asterisk indicates 
significant differences from the untreated (P < 0.05); error bars represent 95% confidence intervals. The number of cells analyzed is indicated (n). 
(A) TopBPI and PICH colocalizing UFBs are induced by DNA replication stress but not topological stress. Cells expressing TopBPI -YFP-AID, PICH-TFP, 
OsTIR, and hH2B-mCherry (RTP1 5 1 ) were treated with 0.4 uM APH for 24 h, 0.5 liM ICRF-1 93 for 30 min, or 0.01 25% DMSO (vol/vol, untreated) for 24 h 
before imaging. (B) A subset of TopBPI bridges colocalizes with RPA. Cells (RTP156) express TopBPl-YFP, RPA1-CFP, and hH2B-mCherry. Yellow, blue, 
and green arrowheads indicate TopBPI , RPA1 , and colocalizing bridges, respectively. (C) Colocalization of TopBPI and RPA bridges is induced by both 
DNA replication stress and topological stress. Cells expressing TopBPI -YFP, RPA-CFP, and hH2B-mCherry (RTP156) were treated with 0.4 uM APH for 24 h, 
0.5 uM ICRF-193 for 30 min, or 0.0125% DMSO (vol/vol, untreated) for 24 h before imaging. (D) Depletion of TopBPI leads to a reduction of UFBs and 
induction of chromatin bridges. Cells expressing TopBPI -YFP-AID, PICH-TFP, and hH2B-mCherry with OsTIR present (RTP151) or absent (RTP177) were 
treated with 500 uM IAA or 0.2% ethanol (vol/vol, untreated) for 30 min before imaging. After incubation with IAA for 30 min, the level of TopBPl-YFP- 
AID fluorescence had decreased below detection in the majority of cells. (E) ATR inhibition induces chromatin bridges and colocalizing PICH- and TopBPl- 
coated UFBs. Cells expressing TopBPI -YFP-AID, PICH-TFP, OsTIR, and hH2B-mCherry (RTP151) were treated with 2 pM ATRi or 0.2% DMSO (vol/vol, 
untreated) for 30 min before imaging. (F-H) TopBPI depletion, replication stress, and ATR inhibition affect the length of PICH UFBs. The length distribution 
of UFBs was quantified in anaphase/telophase cells from panels D (IAA), A (APH), and E (ATRi). 
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Figure 8. Model for Dpbl 1/TopBPl function at anaphase bridges. During metaphase, the sister chromatids may be interlinked by hemicatenanes (A), Hol- 
liday junctions (B), catenanes (C), and unreplicated regions or termination zones (D). The hemicatenanes and unreplicated regions contain single-stranded 
DNA, which may act as a substrate to initiate homologous recombination (HR), leading to the formation of chromosomes connected by Holliday junctions. 
TopBPl-ATR inhibits recombination at replication forks and BLM-Topollla promotes the nonrecombinogenic dissolution of hemicatenanes. Double-Holliday 
junctions can also be resolved by MUS81-EME 1 or GEN 1 . During anaphase any remaining catenanes must be resolved by Topoll to prevent chromosome 
nondisjunction. The interaction of Topoll with TopBPl may aid this process. 



UFBs (Fig. 7 H). These data indicate that TopBPl suppresses 
the formation of chromatin bridges to ensure proper segregation 
of chromosomes by a mechanism that only partially overlaps 
with its role as an ATR activator. 

Discussion 

In this study, we establish budding yeast and the avian DT40 
cell line as model systems for studying DNA anaphase bridges. 
In both yeast and DT40 cells we find that when Dpbl 1/TopBPl 
localizes to UFBs, it facilitates their elongation or stability while 
it suppresses the formation of chromatin bridges. In yeast, Dpbl 1 
UFBs do not activate a bona fide DNA damage checkpoint as 
measured by Smll degradation; instead, anaphase bridges delay 
abscission by the NoCut checkpoint, independently of Dpbll. 
Accordingly, simultaneous disruption of the NoCut checkpoint 
and depletion of Dpbll led to a synergistic increase in genome 
instability as measured by interhomologue recombination. 
In Schizosaccharomyces pombe, which does not appear to have 
a NoCut checkpoint, the Dpbll/TopBPl orthologue Cut5 was 
identified along with top2 mutants for their cut phenotype 
(Hirano et al., 1986), indicating that Cut5 plays a similar role in 
S. pombe in suppressing or resolving anaphase bridges. 

Using the budding yeast and DT40 model systems, we tested 
the proposed sources of anaphase bridges and their putative mech- 
anisms of resolution (Fig. 8): four different DNA structures have 
been suggested to form anaphase bridges: (1) hemicatenanes aris- 
ing during DNA replication, (2) catenanes, (3) unreplicated regions 
of the genome or replication termination zones, and (4) single- 
and double-Holliday junctions arising from HR. 



In Saccharomyces cerevisiae, hemicatenanes form during 
DNA replication in a Rad52-independent manner (Lopes et al., 
2003; Wellinger et al., 2003) and have been proposed to be 
resolved by the Sgsl-Top3-Rmil (BLM-TopoUIa-RMIl-RMI2) 
complex (Wu and Hickson, 2003). Our finding that the fre- 
quency of Dpbll anaphase bridges dramatically increases in an 
sgslA mutant is indicative of hemicatenes constituting a source 
for anaphase bridges in otherwise unchallenged cells. The ana- 
phase bridges that accumulate in sgslA cells are Hoechst posi- 
tive and dependent on HR for their formation, which is consistent 
with overexpression of Rad51 leading to chromatin bridges, 
and with the report that hemicatenes are converted by Rad5 1 
to recombination intermediates in the absence of Sgsl (Liberi 
et al., 2005). Likewise, in BLM-deficient human cells elevated 
levels of both chromatin bridges and lagging chromosomes as 
well as PICH bridges are observed (Chan et al., 2007). 

Catenanes are formed by the noncovalent intertwining of 
sister chromatids. The primary decatenating activity of the cell 
is provided by topoisomerase II. To assess the contribution of cat- 
enanes in the formation of anaphase bridges, we took advantage of 
a temperature-sensitive top2-l mutant in yeast (Brill et al., 1987) or 
the topoisomerase II inhibitor ICRF-193 in DT40 cells. In yeast, 
mutation of TOP2 leads to an accumulation of UFBs at the semi- 
permissive temperature and to an increase of both UFBs and chro- 
matin bridges at the restrictive temperature. Similarly, ICRF-193 
induces both chromatin and PICH UFBs in DT40 cells, which is 
consistent with results from human cells, where ICRF-159 was 
reported to induce BLM bridges in a dose-dependent manner 
(Chan et al., 2007). Thus, our data indicate that sister chromatid 
catenanes are a source of UFBs in both yeast and DT40 cells. 
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DNA replication stress induced by MMS or HU in S. cerevi- 
siae or by APH in DT40 cells also leads to UFBs, as previously re- 
ported for human cells and S. pombe (Chan et al., 2009; Sofueva 
et al., 2011). Moreover, MMS treatment and the top2-l mutation 
were additive for induction of UFBs, indicating that replication and 
topological stress independently lead to these structures. 

The majority of chromatin bridges that we observe in 
S. cerevisiae require RAD51, RAD52, and RAD54, indicating 
that these structures form through HR. This is further supported 
by the observation that chromatin bridges are bound by Rad52 
and trigger degradation of Smll, indicating that these structures 
lead to DNA damage signaling. Moreover, chromatin bridges 
can be induced by overexpression of Rad5 1 but not by catalyti- 
cally inactive Rad51 (rad51-K191A). Thus, our work proposes 
that HR intermediates are a substantial source of chromatin 
bridges. In line with this, a number of recent articles report that 
Holliday junction resolvases including MUS81-EME1 and 
SLX1-SLX4 act in mitosis to preserve genome stability (Matos 
et al., 2013; Nairn et al., 2013; Szakal and Branzei, 2013; Wyatt 
et al., 2013; Ying et al., 2013). The notion that UFBs are formed 
independently of HR is supported by RAD51 knockdown in 
human cells (Chan et al., 2009; Lahkim Bennani-Belhaj et al., 
2010). However, the latter study also reported an increase in 
BLM-associated chromatin bridges upon knockdown of RAD5 1 , 
which in the light of our data from yeast could reflect stalled HR 
due to residual RAD51 levels allowing HR to initiate but not 
supporting its completion. 

Based on these results we propose two mutually nonexclu- 
sive roles for Dpbl 1/TopBPl at anaphase bridges: (1) suppress- 
ing the formation of chromatin bridges and (2) facilitating 
chromosome segregation through the extension and stabiliza- 
tion of UFBs. Concerning the first point, it has been shown that 
Dpbl 1/TopBPl stimulates Mecl/ATR kinase activity, which in 
turn regulates HR at replication structures (Lisby et al., 2004; 
Meister et al., 2005; Kumagai et al., 2006; Mordes et al., 2008; 
Chanoux et al., 2009; Pfander and Diffley, 201 1), pointing to a 
model where Dpbll/TopBPl suppresses the formation of ana- 
phase bridges by facilitating the Mecl/ATR-dependent replica- 
tion checkpoint, thus inhibiting fork collapse and HR (Fig. 8). 
This is supported by our finding that direct inhibition of the 
ATR kinase in DT40 cells leads to an accumulation of chroma- 
tin bridges, which partially phenocopies auxin-mediated de- 
pletion of TopBPl. We have observed a similar increase in 
the frequency of chromatin bridges in a yeast rad53A smll A 
mutant, whereas a /nec7A smll A mutant primarily exhibited an 
increase in UFBs. The difference between the rad53A and mec7A 
mutant phenotypes could be rationalized by the reported Mecl- 
independent activities of Rad53 (Clerici et al., 2001; Schramke 
et al., 2001; Corda et al., 2005). Concerning the second point, 
stabilizing bridges to help chromosome segregation, the oppos- 
ing effects of TopBPl depletion and ATR inhibition on the 
length distribution of PICH-coated UFBs in DT40 cells indicate 
that TopBPl also has a more direct effect on ultrafine bridges, in 
addition to activating ATR. Dpbl 1/TopBPl remains associated 
with UFBs until late anaphase and apparently facilitates the ex- 
tension/stability of long UFBs because PICH UFBs rarely ex- 
tend beyond 5 um without being bound by TopBPl. This may 



be related to the interaction of TopBPl with topoisomerase 11(3 
(Yamane et al., 1997), which could facilitate the recruitment 
of topoisomerase Hp to sites of catenation allowing for pro- 
gressive disentangling of intertwined sister chromatids. On the 
other hand, topoisomerase Ila is believed to perform the bulk of 
decatenation in human cells and depletion of topoisomerase 
Ila leads to shortening of the metaphase interkinetochore dis- 
tance and abnormal persistence of PICH-coated anaphase 
bridges (Porter and Farr, 2004; Spence et al., 2007; Wang et al., 
2010). It is not known whether Dpbll and Top2 interact in 
yeast, but their frequent colocalization on UFBs could suggest a 
potential interaction. 

The relationship between UFBs and chromatin bridges re- 
mains an important open question. However, in the hundreds of 
anaphase time-lapse microscopy sequences that we have ac- 
quired, we have never observed a chromatin bridge turning into 
a UFB or vice versa. Hence, the determination for a potential 
initial DNA structure to develop into a chromatin bridge or 
a UFB appears to be made before anaphase onset. Moreover, 
several mutants and genotoxic agents induce both kinds of ana- 
phase bridges, suggesting that processing of the initiating DNA 
structure and its timing relative to, for example, chromosome 
condensation, may determine whether an anaphase bridge is 
chromatinized or not. 

Materials and methods 

Yeast strains and cell culture 

Media and standard genetic techniques to manipulate yeast strains were 
described previously (Sherman, 2002). All yeast strains used in this study 
are RAD5 derivatives of W303 (Table SI ). DT40 cell culture and transfec- 
tion were done as described previously (Buerstedde and Takeda, 1991). 
DT40 cell lines used in this study are listed in Table S2. 

Construction of yeast plasmids and fluorescent fusion proteins 

All plasmids are described in Table S3. Oligonucleotide sequences are 
available upon request. Unless otherwise noted, fluorescent fusion proteins 
were constructed as described previously (Lisby et al., 2004; Silva et al., 
2012). Plasmids pML96 and pML104 for integrating the NLS-RFP fusion 
protein into the ura3-l and his3-l 1, 15 loci, respectively, were constructed 
by first amplifying yEmRFP from pNEB30 using Kpnl and EcoRI-adapted 
primers NLSyEmRFP-F and NLSyEmRFP-R, respectively, that adds the SV40- 
NLS (PKKKRKVEDP) to the N-terminal end of yEmRFP (Silva et al., 201 2). 
The Kpnl-EcoRI-digested PCR product was cloned into Kpnl-EcoRI-linearized 
pGAD-C2 behind the ADH1 promoter (James et al., 1996). Next, the 
ADHl-NLS-yEmRFP expression cassette was subcloned into the Sphl site of 
the U/?A3-integrative vector Ylp5 (Struhl et al., 1979) to yield pML96. To 
generate a H/S3-based derivative of pML96, a Nael-Afel restriction frag- 
ment containing HIS3 was subcloned from pRS413 (Sikorski and Hieter, 
1989) into Nrul-BsaBI-digested pML96 to replace URA3 and produce 
pML104. For integration into the ura3-l and his3-l 1 , 15 loci, pML96 and 
pMLl 04 were linearized with Apal and Bsml, respectively, before transfor- 
mation into ML8-9A. 

Generation of DT40 knock-in constructs 

DT40 genes were endogenously tagged at their 3'-termini. The 3' and 
5' arms of the TopBPl -YFP-AID knock-in construct were subcloned from 
pVH03. To generate 3' and 5' arms for the PICH-YFP/TFP knock-in con- 
structs, flanking regions of homology immediately 5' and 3' of the PICH 
stop codon were amplified from DT40 genomic DNA. The AID, YFP, and 
TFP tags were amplified from pMK43, pEYFP-Cl, and pmTurquoise2-N 1 , 
respectively. Primer pairs were designed to facilitate directional cloning. 
The amplified PCR products were cloned into the pCR2.1-TOPO vector 
(Invitrogen) and coding regions sequenced. As a sequence reference for 
the 3' and 5' arms of the PICH knock-in constructs, the genomic DNA se- 
quence of Gallus gallus (DT40) was obtained from the National Center 
for Biotechnology Information (Gene ID: 422135). The BSR, NEO, and 
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PURO cassettes were subcloned from pLOX-BSR, pLOX-NEO, and pLOX- 
PURO, respectively. 

For assembly of the PICH-TFP/YFP knock-in constructs (pRTP6, 
pRTP9, and pRTP17], the 3 '-arm, a BSR/PAC cassette, the 5'-arm, and 
the YFP/TFP tag were individually subcloned into pBlueScript SK+ in the 
listed order using restriction sites Xbal-Notl, BamHI, Kpnl-Sall, and Sail— 
EcoRI, respectively. 

For assembly of the TopBPl-YFP-AID knock-in constructs (pRTP14, 
pRTPl 5, and pRTPl 6), the YFP tag, the AID tag, the 3'-arm, and a BSR/ 
NEO/PAC cassette were individually subcloned into pVH03 in the listed 
order using restriction sites Xbal-Notl, BamHI— Bglll, Bglll-Notl, and 
BamHI, respectively. 

For assembly of hH2B-mCherry under expression control of chicken 
p-actin promoter (pRTP23), hH2B-mCherry was subcloned from pH2B_ 
mCherry_IRES_neo3 into pExpress using the restriction site Hindlll. The 
(J-actin promoter and hH2B-mCherry were subsequently subcloned into 
pLOX-PURO using restriction site Spel. 

The targeting constructs were linearized with Notl before transfec- 
tion. Transfectants harboring the PAC, NEO, and BSR resistance genes 
were selected in the presence of 0.5 ug/ml puromycin, 2 mg/ml G418, 
and 20 ug/ml blasticidin, respectively. The resistance cassettes were loxed 
as described previously (Arakawa et al., 2001). In brief, cell lines were 
transiently transfected with cDNA encoding the Cre recombinase and sub- 
sequently dilution cloned to obtain single colonies. Loss of selection mark- 
ers was tested by treating the resulting cell lines with puromycin, G41 8, or 
blasticidin. Integration of the YFP/TFP/YFP-AID tags at the correct genomic 
location was confirmed by PCR analysis of genomic DNA. 

Microscopy and immunofluorescence 

Yeast cells were grown in synthetic complete (SC) medium supple- 
mented with 100 ug/ml adenine (SC+Ade) and processed for fluores- 
cence microscopy as described previously (Eckert-Boulet et al., 201 1). 
For staining of DNA in live yeast cells, 1 0 ug/ ml of DAPI or 5 ug/ml of 
Hoechst 33258 (B2883; Sigma-Aldrich) was added to the culture 10- 
15 min before microscopy and washed out with fresh medium immedi- 
ately before microscopy and imaged at 25°C or 37°C as indicated. 
Fluorophores used in yeast were CFP (clone W7; Heim and Tsien, 
1996), YFP (clone 10C; Ormo et al., 1996), and rRFP (clone yEmRFP; 
Keppler-Ross et al., 2008). 

DT40 cells were imaged at 39°C in RPMI 1640 medium GlutaMAX 
(Gibco) supplemented with 2% chicken serum (Gibco), 8% fetal bovine 
serum (Gibco), 2 mM L-glutamine (Gibco), 55 uM (3-mercaptoethanol, 
50 U/ml penicillin, and 50 pg/ml streptomycin, and mounted on u-slides 
before imaging (Ibidi). For staining of DNA in live DT40 cells, 5 pg/ml of 
Hoechst 33342 (Sigma-Aldrich) was added to the culture 30 min before 
microscopy. Where indicated, 500 uM indole-3-acetic acid (IAA; Sigma- 
Aldrich) or 2 uM ATRi was added for the indicated amount of time be- 
fore imaging. 

Fluorophores were visualized on a microscope (Axiolmager Zl ; 
Carl Zeiss) equipped with a 1 OOx objective lens (Plan Apochromat, NA 
1 .4; Carl Zeiss), a cooled CCD camera (Orca-ER; Hamamatsu Photon- 
ics), differential interference contrast, and an illumination source 
(HXP120C; Carl Zeiss); or on a microscope (DeltaVision Elite; Applied 
Precision) equipped with a lOOx objective lens (U-PLAN S-APO, NA 
1.4; Olympus), a cooled EMCCD camera (Evolve 512; Photometries), 
and a solid-state illumination source (Insight; Applied Precision, Inc). 
Images were acquired using Volocity (PerkinElmer) or softWoRx (Ap- 
plied Precision) software. Images were processed and quantitative mea- 
surements of fluorescence intensities were performed with Volocity 
software (PerkinElmer). Images were pseudocolored according to the 
approximate emission wavelength of the fluorophores. Distances were 
calculated in 3D based on the X, Y, and Z coordinates obtained from 
Z-stacks of images in Volocity. Fluorophores used in DT40 were en- 
hanced CFP (ECFP; Takara Bio Inc.), TFP (clone pmTurquoise2-Nl ; 
Goedhart et al., 2010), enhanced YFP (EYFP; Takara Bio Inc.), and 
mCherry (Shaner et al., 2004). 

EdU incorporation 

For EdU incorporation in yeast, cells were grown to exponential phase at 
25°C in SC+Ade medium before addition of 20 uM EdU and continued in- 
cubation in an orbital shaker for 3 h. Cells were then fixed in 3.7% PFA for 
1 h, and stained with 5 pg/ml Hoechst 33258 (B2883; Sigma-Aldrich). 
EdU was detected as described in the Click-iT EdU Alexa Fluor 594 imag- 
ing kit manual (Invitrogen). 

For EdU incorporation in DT40, cells were treated with 10 pM EdU 
and either 500 pM IAA or 0.2% ethanol (vol/vol, untreated) for 30 min. 



Cells were washed and resuspended in PBS, and allowed to adhere to 
poly-L-lysine-coated coverslips for 10 min. Cell fixation, permeabilization, 
and EdU detection was performed as described in the Click-iT EdU Alexa 
Fluor 594 imaging kit manual. 

Recombination assay 

Interchromosomal mitotic recombination between Ieu2 heteroalleles was 
measured by growing diploid strains at 25°C overnight in 3 ml SC+Ade 
medium before plating on SC with or without leucine (Smith and Rothstein, 
1 995). Colony-forming units were counted after incubation at 25°C for 3 d. 
The median frequency for 7-1 1 trials was used to determine the recombi- 
nation rate by the method of the median. In brief, the median frequency is 
divided by the factor r 0 /m to obtain the recombination rate, where m is the 
mean number of Leu* recombination events, which have occurred in the 
culture, and r 0 is the number of events in the trial with the median frequency. 
The factor ro/m was estimated by Lea and Coulson (1949) and the stan- 
dard deviation was calculated as m-sqrt((l 2.7/(2.24 + ln(m)) 2 )/N), where 
N is the number of trials (Lea and Coulson, 1 949). 

Statistical methods 

For microscopy experiments, the significance of the differences between 
cell populations was determined by one-tailed Fisher's exact test. P-values 
were defined as significant if P < 0.05. 

Online supplemental material 

Fig. SI shows that Rfal binds yeast anaphase DNA bridges. Fig. S2 
shows that cells rebud after resolution of anaphase bridges. Fig. S3 shows 
colocalization of the PH domain and Inal. Fig. S4 shows that Dpbl 1 
bridges accumulate in meclA and rac/53A mutants. Fig. S5 shows EdU in- 
corporation in DT40 and the length distribution of TopBPl/PICH UFBs. 
Video 1 shows time-lapse microscopy of TopBPl and PICH. Video 2 shows 
time-lapse microscopy of TopBPl and RPA. Table SI lists the genotype and 
source of yeast strains used in this study. Table S2 lists the genotype and 
source of DT40 cell lines used in this study. Table S3 lists plasmids used in 
this study. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201 305 1 57/DC 1 . 
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